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Introduction {#sec1}
============

It is now generally accepted that the function of the brain is based on the emergent property of its complex and numerous neuronal connections; for example, 100 trillion synaptic connections exist in a human brain. Since the era of Cajal and Golgi, mapping the interconnections between neurons (i.e., connectomes) has been a pursuit lasting more than a century ([@bib3], [@bib37]). Although anatomical analyses using electron or optical microscopy have impressively revealed the structural connections among neurons ([@bib40], [@bib72]), they do not provide functional information encoded in these connections, such as the spike rates and precise times of calcium signals, types of connections (excitatory or inhibitory), or interaction strengths of the connections ([@bib6], [@bib20]). Nevertheless, these functional details are critical to correctly understand the connectome.

To investigate functional connectivity among neurons, it is essential to be able to stimulate specific upstream neurons and record the activities of multiple downstream neurons. Conventionally, electrophysiology, which stimulates and records neurons with electrodes, is the method of choice, and is associated with excellent temporal resolution. However, it is impractical for simultaneous stimulation/recording of multiple neurons in a small volume ([@bib43]). Conversely, with the aid of optogenetic tools, all-optical physiology (AOP) ([@bib20]), which stimulates and records neurons with light, offers a non-invasive method to investigate multiple neurons with sub-micrometer spatial resolution ([@bib65]); therefore, AOP provides an opportunity to study functional connectomes in living animals ([@bib24], [@bib49]).

In an AOP system, stimulation and recording need to be optimized separately and combined appropriately. For optical stimulation, various strategies have been demonstrated ([@bib52], [@bib54]), including different illumination geometries, such as wide-field ([@bib8]) and point-scan ([@bib77]), as well as different stimulation mechanisms, such as single- ([@bib2]) and two-photon stimulation ([@bib55]). For illumination geometries, the wide-field scheme irradiates all neurons within a large field of view, and the point-scan selectively stimulates a few neurons within its small focal volume, which allows for the more precise manipulation of a specific subpopulation of genetically defined neurons ([@bib58], [@bib75]). For stimulation mechanisms, although two-photon stimulation provides desirable optical sectioning capabilities, special optical strategies such as serial scanning ([@bib63]) and beam enlargement ([@bib26], [@bib55], [@bib56]) are typically required because the tiny focus volume (sub-femtoliter) of the two-photon laser is not sufficient to target enough opsin proteins for action potential generation ([@bib57]). On the other hand, single-photon stimulation has higher efficiency and requires much lower power density than two-photon stimulation ([@bib51]). Even though single-photon lacks optical sectioning ability, when combined with precise genetic expression of opsin, it is capable of providing localized stimulation without out-of-focus artifact in some cases ([@bib32], [@bib33]).

For optical recording strategies, optical sectioning is a key requirement to ensure clear observation in thick tissues, such as the brain ([@bib45]). Several techniques are known to provide optical sectioning, including confocal ([@bib13]), light-sheet ([@bib1]), HiLo ([@bib38]), and two-photon microscopy ([@bib16]). Confocal microscopy is conventionally used to achieve sectioned observations by point-scanning and pinhole filtering and is based on single-photon excitation that typically utilizes short wavelengths in the visible spectrum; therefore, its imaging depth is limited to less than 100 μm ([@bib25]). Light sheet and HiLo microscopy are relatively new techniques that provide optical sectioning through orthogonal or structured illumination. However, owing to their wide-field detection schemes, scattering/aberration in deep tissues results in pixel cross talk ([@bib80]); thus, these techniques are typically adopted for transparent animals, such as zebrafish ([@bib1], [@bib32], [@bib36], [@bib39], [@bib74]). Among the recording techniques, two-photon microscopy that relies on near-infrared excitation and point-scan detection could be a promising tool for deep-tissue imaging in highly scattering samples ([@bib53], [@bib62]).

Nevertheless, although two-photon optical sectioning allows for the observation of single layers deep inside brain tissues, it also poses difficulty for the high-speed monitoring of three-dimensionally (3D) distributed neural networks whose response times are in the order of milliseconds to seconds. Recently, researchers have developed various fast two-photon volumetric recording methods ([@bib31], [@bib80]) based on spatial light modulators (SLMs) ([@bib79]), temporal focusing ([@bib66]), piezo-controlled objectives ([@bib22]), acousto-optic deflectors ([@bib61]), electrically tunable lenses (ETLs) ([@bib23]), and ultrasound lenses ([@bib15], [@bib18], [@bib17], [@bib48], [@bib59], [@bib82]). However, to the best of our knowledge, only multi-plane recording based on ETLs has been demonstrated in combination with optical stimulation ([@bib14], [@bib44], [@bib78]). According to the results of previous studies, ETL requires a few milliseconds to shift the imaging plane; therefore, the axial sampling density is limited to a few separated layers. Such imaging density is sufficient to study the sparse distribution of large neurons, such as those in the hippocampus of mouse brains; however, for compactly distributed small neurons, such as neurons in *Drosophila*, high-density volume sampling that utilizes the full spatial resolution along the axial plane is necessary to allow for large-volume functional recording without the loss of subtle connection information.

In the current study, we adopted a high-speed, tunable acoustic gradient-index (TAG) lens ([@bib27], [@bib35], [@bib48], [@bib82]) with an axial scanning speed that exceeded 100 kHz to achieve two-photon full-volumetric recordings with submicron/micron lateral/axial spatial resolution. Combined with an efficient single-photon point-scanning stimulation through a separate scanner, we constructed an AOP platform with precise stimulation and fast volumetric imaging. The system was applied to study functional connections in the anterior visual pathway (AVP) of *Drosophila* ([@bib50]). We chose *Drosophila* for connectomic mapping because their brains are complex (i.e., they contain 10^5^ neurons) but they are also small enough to be completely mapped by optical microscopy with sub-cellular resolution. Furthermore, the genetic toolbox is more complete with *Drosophila* as compared with that of other animal models, and a comprehensive connectivity map based on *in vitro* structural registration of more than 30,000 cells has been established ([@bib12]), which serves as an invaluable reference for the study of functional connectomes *in vivo*. Here, we demonstrated the stimulation and single-depth recording inside a living *Drosophila* brain. Then, we performed full-volumetric recording and stimulation on the same brain to observe neuronal responses with high spatiotemporal resolution. Finally, through the combination of precise stimulation of subpopulations of genetically defined neurons and 3D high-speed recording of a large volume of downstream neurons, this platform allowed for the *in vivo* investigation of functional coding in the *Drosophila* brain visual pathway.

Results {#sec2}
=======

Two Neuronal Populations in the *Drosophila* Anterior Visual Pathway {#sec2.1}
--------------------------------------------------------------------

The AVP delivers visual information from the medulla (MED) to the anterior optical tubercle (AOTU) and then to the bulb (BU) in the *Drosophila* brain. Here, we focused on two populations of neurons in the AVP. One population consisted of MT neurons (neurons connect the MED to the AOTU), and the other consisted of TB neurons (neurons connect the AOTU to the BU) ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1A″). Previous work has established that the AOTU is composed of three sub-compartments (intermediate medial AOTU \[AOTUim\], intermediate lateral AOTU \[AOTUil\], lateral AOTU \[AOTUl\]; see [Figure S1](#mmc1){ref-type="supplementary-material"}A') where TB neuronal dendrites arborize. The BU is an aggregate of tens of microglomeruli ([Figure S1](#mmc1){ref-type="supplementary-material"}A″) where TB neuronal axons terminate ([@bib50], [@bib67], [@bib68], [@bib70], [@bib73]). Each microglomerulus has a diameter around 2--4 μm. The whole BU is about 35 μm in depth and about 70 μm beneath the frontal surface. The BU can also be divided into three sub-compartments: the superior BU (BUs), the anterior BU (BUa), and the inferior BU (BUi) ([Figure S1](#mmc1){ref-type="supplementary-material"}A''). Our AOP tool is used to study how the visual signal is transmitted (i.e., topographic functional coding) through MT and TB neurons between AOTU sub-compartments and BU microglomeruli. Previous anatomical studies have shown that these two neuron populations are highly stereotyped ([@bib50], [@bib73]). To investigate their functional coding patterns, optogenetic tools, such as CsChrimson, were expressed in MT~il~ neurons (MT neurons innervating AOTUil \[[@bib50]\]) using the LexA system for stimulation, and GCaMP6f was expressed in TB neurons using the GAL4 system for mapping responses. By specifically stimulating the MT~il~ neurons and spatiotemporally recording the axonal response of the TB neurons, we were able to construct the functional connections between AOTUil and BU microglomeruli.

All-Optical Physiology Scheme 1: Single-Point Stimulation and Single-Section Recording {#sec2.2}
--------------------------------------------------------------------------------------

The concept of AOP within single-point stimulation and single-section recording is shown in [Figure 1](#fig1){ref-type="fig"}A. To achieve simultaneous stimulation and recording in different regions, we added a 638-nm stimulation beam with a customized, independent scanner beam path into a commercial 920-nm two-photon laser scanning microscope (see [Figure S1](#mmc1){ref-type="supplementary-material"}B for setup). In AOP measurements, the stimulation spot is focused on the central AOTUil of MT~il~ neurons with a 20% stimulation duty cycle (2 s on, 8 s off, repeated three times) with power \<0.8 μW. The spot lateral size is 2 μm ([Figure S1](#mmc1){ref-type="supplementary-material"}C) and axial size is ∼27 μm; 2 μm confinement of stimulation was verified in [Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E. Single optical sections of the TB neurons in the BU were recorded with a conventional 920-nm two-photon recording system with an average laser power of \<2.8 mW to map the functional responses of microglomeruli. [Figure 1](#fig1){ref-type="fig"}B shows the distribution of microglomeruli at a single depth (∼70 μm beneath the frontal surface of the brain) that were observed with 0.5 μm lateral resolution and 2.75 μm axial section thickness ([Figure S1](#mmc1){ref-type="supplementary-material"}F), which fit well with theoretical predictions ([@bib81]). To determine the locations of microglomeruli, detailed BU structural images were acquired using low-speed scanning after functional imaging, and the structural images were next spatially registered to the functional images ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2D, see [Methods](#sec4){ref-type="sec"}). After registration, the locations of individual microglomeruli were extracted automatically from low-speed images with the use of a home-built program based on fluorescence intensity (red circles in [Figure 2](#fig2){ref-type="fig"}B), whereas fiber structure and other neurons were excluded based on their location and morphology ([Figures S2](#mmc1){ref-type="supplementary-material"}E and S2F, see [Methods](#sec4){ref-type="sec"}). Three repeated stimulations were applied, and the functional responses of all extracted microglomeruli are presented in [Figure 1](#fig1){ref-type="fig"}C. A generalized linear model (GLM \[[@bib46]\]) was adopted to identify the stimulation-activated microglomeruli ([Figure S2](#mmc1){ref-type="supplementary-material"}G, see [Methods](#sec4){ref-type="sec"}), whose response curves are shown in green/blue/red based on the level of changes in calcium concentrations (ΔF/F) ([Figure 1](#fig1){ref-type="fig"}C). After combining the spatiotemporal information, we constructed a 2D planar response strength map of activated microglomeruli ([Figure 1](#fig1){ref-type="fig"}D). [Figure S1](#mmc1){ref-type="supplementary-material"}G verifies that sensory stimulation was avoided during optical stimulation.Figure 1Single-Point Stimulation of the Intermediate-Lateral Anterior Optical Tubercle (AOTUil) with Single-Optical-Section Recording of the Bulb (BU) Microglomeruli(A) Schematics of stimulation (red) and recording (blue) lasers whose focal points are independently controlled by two scanners in the all-optical physiology system.(B) Single optical section (∼70 μm beneath the frontal surface of the brain) of microglomeruli of the BU. Red circles indicate the microglomeruli extracted by a home-built program based on neuronal fluorescence intensity and morphology. Detailed extraction procedure can be found in [Figures S2](#mmc1){ref-type="supplementary-material"}E and S2F. Scale bar: 5 μm. Each extracted microglomeruli is labeled with a number from left to right.(C) Neuronal temporal responses of the extracted microglomeruli with three repeated stimulations, which are represented by the red columns. The stimulation-activated microglomeruli are determined by the general linear model (GLM). Green/Blue/Red curves represent activated microglomeruli with ΔF/F scales equal to 2.5, 5, and 15, respectively, and black curves represent inactivated microglomeruli (scale same as blue curves).(D) The spatial and functional response map of microglomeruli in a 2D plane. Inactivated microglomeruli are shown in gray, and the activated microglomeruli are presented as colors that represent their response strength (averaged peak ΔF/F of repeated stimulations). Scale bar: 5 μm.Figure 2Single-Point Optical Stimulation of Intermediate-Lateral Anterior Optical Tubercle (AOTUil) with Volumetric Recording of the Bulb (BU) Microglomeruli(A) Left: all-optical physiology system combining a single-point stimulation beam (red) and a volumetric recording beam (blue). Right: the schematic of fast axial scan by a tunable acoustic gradient-index (TAG) lens that enables 3D recording with the same acquisition time as single-plane recording.(B and C) (B) A full-volumetric image of microglomeruli of the BU (C) Temporal responses of each microglomerulus. The number-position correspondence can be found in [Figure S3](#mmc1){ref-type="supplementary-material"}A. With general linear model (GLM) analysis, activated microglomeruli are shown as green/blue curves with ΔF/F scale equal to 2.5 and 5, respectively, and inactivated microglomeruli are shown as black curves (scale same as blue curves).(D) The spatial and functional response map of microglomeruli in 3D. Inactivated microglomeruli are shown in gray, and activated microglomeruli are presented by color depending on their response strength. The subregions of BU (superior BU \[BUs\], inferior BU \[BUi\], and anterior BU \[BUa\]) are indicated by dashed circles.

Here we demonstrated simultaneous stimulation of MT~il~ neurons at the center of the AOTUil and detailed single-section recording on the BU of TB neurons, which signifies that AOP with planar recording provides information regarding spatiotemporal functional connections and relative response strength. Nevertheless, similar to most neuronal structures in an intact brain, the microglomeruli of the BU are three-dimensionally distributed and extend to about a depth of 35 μm. Therefore, fast volumetric recording is required to perceive the complete spatiotemporal coding pattern in the AVP.

All-Optical Physiology Scheme 2: Single-Point Stimulation and Three-Dimensional Recording {#sec2.3}
-----------------------------------------------------------------------------------------

The concept of single-point stimulation and volumetric recording is plotted in [Figure 2](#fig2){ref-type="fig"}A. Although stimulation was maintained at a single point, the recording plane was expanded into a 3D volume by introducing a high-speed axial scan lens (TAG lens, operating at 144 kHz scan rate) into the recording beam path without affecting the stimulation beam path (see [Figure S1](#mmc1){ref-type="supplementary-material"}B for detailed setup information). With 1 m^−1^ dioptric power, the TAG lens provided an ∼40-μm axial recording range ([Figure S1](#mmc1){ref-type="supplementary-material"}F), which was consistent with past theoretical studies ([@bib18], [@bib27]) and adequate to cover the whole BU structure. A 10-MHz data acquisition rate was used in the system to resolve the axial information acquired by the TAG lens. Considering that the 40-μm thickness was sampled twice during one period of TAG lens oscillation (144 kHz), 128 × 128 × 35 sampling voxels should have been obtained at ∼9 Hz. However, owing to the limited scan rate of the commercial microscope, the current volume rate was set to 2 Hz (see [Methods](#sec4){ref-type="sec"}), which is still fast enough to judge the neuronal calcium on/off response. The 35-optical-sectioned plane produced an axial digital resolution approaching 1 μm, which was better than the axial optical resolution (2.75 μm, [Figure S1](#mmc1){ref-type="supplementary-material"}F). The power of the stimulation laser is maintained at the same level, whereas higher power is required for laser imaging in 3D recording since the voxel dwell time is much shorter compared with single-depth imaging. In principle, in 35-sectioned plane imaging, the power should increase to ∼6-fold (square root of 35) to achieve the same signal level as single-depth imaging. However, to avoid heating and photobleaching in a living brain, the power was controlled at \< 8.2 mW, which is similar to other functional imaging works on GCaMP ([@bib10], [@bib67]). Although the signal level of fast 3D imaging was not as high as single-plane imaging, with the aid of low-speed structural images ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2D, see [Methods](#sec4){ref-type="sec"}), we can still establish structure-functional correlations of each neuron unit with high fidelity.

The results of AOP with volumetric recording are shown in [Figures 2](#fig2){ref-type="fig"}B--2D. [Figure 2](#fig2){ref-type="fig"}B shows complete 3D distribution of microglomeruli in the BU. The positions of 71 microglomeruli were extracted and labeled in a 3D coordinate system (see [Figure S3](#mmc1){ref-type="supplementary-material"}A). Temporal responses of all the microglomeruli are presented in [Figure 2](#fig2){ref-type="fig"}C, where 22 stimulation-activated microglomeruli were quantitatively identified by the GLM and marked in green/blue colors based on response strength. The effectiveness of GLM analysis can be highlighted through microglomeruli \#70 whose ΔF/F was large but not identified as activated because its responses did not temporally correlate with the repeated stimulations, resulting in a low statistical t-score (see [Methods](#sec4){ref-type="sec"}).

The relative response strength of activated microglomeruli are spatially color coded in [Figure 2](#fig2){ref-type="fig"}D. Three sub-compartments of the BU (BUs, BUa, BUi) are marked in dashed circles, indicating that most microglomeruli in the BUa and some microglomeruli in the BUs were activated following stimulation of MT~il~ neurons. It is critical to note that the volumetric imaging capability enabled us to visualize and quantify the complete spatiotemporal response of a neural circuit connection.

All-Optical Physiology Scheme 3: Multiple-Point Stimulation and Three-Dimensional Recording {#sec2.4}
-------------------------------------------------------------------------------------------

In our system, point stimulation with an independent scanner provided the capability of position-dependent, precise stimulation on neurons. As shown by the conceptual illustration in [Figure 3](#fig3){ref-type="fig"}A, sequential point stimulation and volumetric recordings allowed for the complete mapping of a local functional connectome in the brain. In the previous two sections, the stimulation was directed only to the central AOTUil of MT~il~ neurons (corresponding to region (i) in [Figure 3](#fig3){ref-type="fig"}B). Here we separately performed repeated stimulation on three regions of the AOTUil, including the (i) central, (ii) dorsal, and (iii) ventral AOTUil ([Figure 3](#fig3){ref-type="fig"}B), and recorded volumetric functional responses on the BU.Figure 3Multiple-Point Optical Stimulation of the Intermediate-Lateral Anterior Optical Tubercle (AOTUil) with Volumetric Recording of the Bulb (BU) Microglomeruli(A) Illustration of all-optical physiology with multiple-point stimulation (red) and volumetric recording (blue). The stimulation light is focused at different sites with volumetric recording at the downstream region.(B) Stimulation strategy on upstream MT~il~ neurons (neurons connecting medulla \[MED\] to AOTUil, magenta color) whose axon terminal AOTUil is marked with a dashed circle. Three sites of stimulation with equal spaces, including stimulation of the (i) central, (ii) dorsal, (iii) ventral AOTUil, are represented by yellow arrows. Scale bar: 20 μm.(C) The volumetric functional response map of all microglomeruli in the BU corresponding to stimulation at the (i) central (same as [Figure 2](#fig2){ref-type="fig"}D), (ii) dorsal, and (iii) ventral AOTUil, respectively. Activated responses are determined by GLM and colored according to response strength. The numbers in the left show that 22, 16, and 4 of 71 microglomeruli were activated by stimulation of the central, dorsal, and ventral AOTUil, respectively. Microglomeruli located in the ventral and lateral BUs are indicated by the blue arrows.(D) Temporal response of the microglomeruli that were activated by either stimulus (i, ii, or iii). Activated responses are marked in blue/green with ΔF/F scales equal to 2.5 and 5, respectively.

With whole volumetric recording and precise stimulation, we found that stimulation of each of the three regions activated a different number of microglomeruli with various strength distributions (the responses of all microglomeruli are presented in [Figure S3](#mmc1){ref-type="supplementary-material"}B). The microglomeruli activated by each of the three stimulations are spatially represented in [Figure 3](#fig3){ref-type="fig"}C, color coded based on the strength of response. Stimulation at the (i) central and (ii) dorsal AOTUil activated many microglomeruli (22 and 16, respectively), whereas stimulation at the (iii) ventral AOTUil activated only four microglomeruli. This may be explained by the higher density of MT~il~ axon terminals or higher amount of opsins expressed in the (i) central and (ii) dorsal AOTUil than in (iii) the ventral AOTUil ([Figure 3](#fig3){ref-type="fig"}B, magenta color).

We also observed the spatial distribution of activated microglomeruli. Stimulation at the (i) central and (ii) dorsal AOTUil activated microglomeruli in both BUa and in BUs (5 BUa and 17 BUs microglomeruli for (i); 4 BUa and 12 BUs microglomeruli for (ii)), whereas stimulation at (iii) the ventral AOTUil induced detectable Ca^2+^ signals only in BUs microglomeruli. Furthermore, we found that the spatial distribution of response strength following stimulation of the (i) central and (ii) dorsal AOTUil was different from that following the stimulation of the (iii) ventral AOTUil (i.e., ΔF/F in BUs). Specifically, in the presented fly with three-repeated stimulations, the relative response strength of ventral BUs was higher following stimulation of the (i) central AOTUil, whereas the relative response strength of lateral BUs was higher following stimulation of the (ii) dorsal AOTUil than the response strength of the ventral and lateral BUs following stimulation of the (iii) ventral AOTUil.

In [Figure 3](#fig3){ref-type="fig"}D, detailed responses from 26 selected microglomeruli that were activated by either of the three stimulations are shown. By comparing the changes in Ca^2+^ activity in the BU, these microglomeruli were further divided into four subgroups: (1) detectable activity change following stimulation at the (i) central AOTUil ([Figure S3](#mmc1){ref-type="supplementary-material"}C); (2) detectable activity change following stimulation at the (ii) dorsal AOTUil ([Figure S3](#mmc1){ref-type="supplementary-material"}D); (3) detectable activity change following stimulation at both the (i) central and (ii) dorsal AOTUil but not the (iii) ventral AOTUil ([Figure S3](#mmc1){ref-type="supplementary-material"}E); (4) detectable activity change following stimulation of all three regions ([Figure S3](#mmc1){ref-type="supplementary-material"}F). The results demonstrated that, with the capability of precise stimulation and 3D recording, we are able to identify important functional information including volumetric spatial distribution, temporal activation patterns, and response strengths of individual neuronal compartments. To further confirm the functional map we observed here, more replication of experiments on individual flies are necessary.

Discussion {#sec3}
==========

The brain, including the neuronal circuits within it, is intrinsically 3D. However, current AOP platforms, which are based on conventional microscopic imaging tools, are mostly limited to 2D planar observations. In the current study, we established a 3D AOP platform combining precise stimulation and fast full-volumetric recording that offered 3D functional circuit interrogation in a living brain with high spatiotemporal resolution. In the following text, we compare the advantages and disadvantages between modern stimulation and recording methods and our system.

Currently, the most commonly adopted conventional method for the optogenetic stimulation of neurons is to illuminate the whole brain in a wide-field geometry with a light-emitting diode or a laser source ([@bib8]). In wide-field illumination, neuron specificity is achieved via genetic labeling. More precise optical stimulation can be realized via scanning of a single-focus or multiple-focus illumination generated by digital micromirror devices or SLMs ([@bib14], [@bib32], [@bib44], [@bib78]). Here we adopted the former (single-focus scanning) because it is fully compatible with most commercial laser scanning microscopes and does not require extensive modifications (e.g., we only need to change the dichroic beam splitter inside the microscope to allow simultaneous stimulation and recording); conversely, it is technically difficult to implement multiple-focus illumination in an existing commercial system. In addition, there may be cross talk issues in the case of multiple stimulation foci. More importantly, we would like to note that quasi-simultaneous, multi-site stimulation can also be achieved by fast sequential scanning of the single focus in both lateral and axial directions by galvo mirrors ([@bib76]) and ETL.

Both single-photon and two-photon setups have been extensively adopted for laser-scanning stimulation. In principle, the latter provides desirable optical sectioning and more penetration depth. However, in practice, optical sectioning with single-photon stimulation can be achieved with sparse and precise genetic labeling ([@bib32], [@bib33]), which is one particular strength of using *Drosophila*. In this work, by only expressing opsin in MT~il~ neurons ([Figure S1](#mmc1){ref-type="supplementary-material"}A), we demonstrated precise single-photon stimulation on AOTU without artifacts from out-of-focus stimulation. Furthermore, in terms of depth, except for adopting special up-converting nanoparticles to achieve millimeter stimulation depth with a near-infrared laser ([@bib9]), the current state-of-the-art two-photon stimulation extends only to a depth of 300 μm ([@bib47], [@bib53], [@bib60], [@bib64], [@bib78]), whereas single-photon stimulation is capable of extending to a comparable depth of 250 μm in a living mouse ([@bib5]). In addition, because of the low two-photon stimulation efficiency, special optical strategies are typically required ([@bib26], [@bib55], [@bib56], [@bib63]). In contrast, the single-photon stimulation design that we adopted is less complex and requires less power density to achieve effective stimulation ([@bib51]).

The volumetric recording capability was an important feature of our AOP platform. Compared with previous studies in microglomeruli with single-depth imaging ([@bib50], [@bib67], [@bib68], [@bib70]), fast volumetric imaging not only enables fast acquisition of 3D functional properties, but also allows for the comparison of the response between individual microglomeruli at different depths in a single trial.

In the current study, we adopted a TAG lens to achieve high-speed full volumetric recording, which is necessary for dense structures, such as the *Drosophila* BU. Recent studies employing AOP platforms have extended the recording region to three dimensions with fast acquisition speed, such as light-sheet microscopy, or integrated remote focusing and ETL into a laser scanning microscope. Light-sheet microscopy provides an excellent voxel throughput for whole brain imaging because of the camera-based detection strategy ([@bib32]). However, wide-field detection may suffer from cross talk between signals when applied to the opaque *Drosophila* brain, where scattering and aberration are strong ([@bib28]). Conversely, remote focusing and ETL can be combined with scanning-based single-pixel detection and may be suitable for opaque samples. For remote focusing, by placing a movable light mirror after the auxiliary objective, the imaging plane can be tilted to align with an oblique neuron in 3D space ([@bib4]) and can potentially achieve fast volumetric imaging with arbitrary trajectories ([@bib7]). Fast multi-plane imaging can be achieved by refocusing the recording light at different depths for ETL ([@bib14], [@bib44], [@bib78]). Nevertheless, the axial scan rates using the two approaches are limited so it is difficult to achieve full sampling. Specifically, the speed of remote focusing is limited by the inertia of optical elements., and the requirement of a few millisecond stabilization time of ETL also limits the recording to ∼ 3--10 discrete planes separated by 10 μm in depth. Although recording in trajectory or multiple planes with these methods (i.e., partial sampling) may be sufficient to obtain the dynamic response of large structures with sparse density (such as neuronal soma in a mouse brain), dense and full sampling is necessary for *Drosophila* BU microglomeruli, which are 2--4 μm in size, to avoid the loss of information. In our design, full 3D recording with femtoliter spatial resolution and sub-second temporal resolution is achieved with the aid of a TAG lens, unraveling the functional coding between densely packed BU microglomeruli and their upstream counterpart in the AVP.

For imaging opaque samples, other two-photon scanning-based, high-speed volumetric imaging strategies can also, potentially, be integrated in the AOP platform, such as random access microscopy ([@bib34], [@bib61], [@bib71]), elongated point-spread function (PSF) ([@bib41], [@bib69]), and multiplexing techniques ([@bib11], [@bib79]). In the following text we discuss their respective advantages and disadvantages. First, random access microscopy allows high volume acquisition speeds from a few kHZ to tens of kHz, by moving focus quickly among several areas of interest in a sample with high-speed acousto-optic deflectors ([@bib34], [@bib61], [@bib71]). However, the sparse sampling nature of this technique requires extremely high stability of brain, which is not easy for living animals. In addition, sparse sampling may result in information loss in dense structure in a dense tissue with highly diverse responses. Second, with elongated PSF ([@bib41], [@bib69]), video-rate (30 Hz) volumetric imaging can be achieved by simultaneously illuminating neurons at different depths and projecting the 3D morphology of neurons onto a 2D plane. However, when there are two or more neurons overlapped in the axial direction, information from different depths may be indistinguishable. Third, temporal multiplexing, i.e., scanning temporally delayed multiple beams at different depths, achieves a 60 Hz volume rate, whose voxel throughput can exceed the repetition rate of the imaging laser ([@bib11]). Nevertheless, the number of separated image planes is limited by laser pulse time interval divided by lifetime of fluorescent indicators. For example, with an 80-MHz pulsed laser (12.5-ns pulse interval) and fluorescence with 3-ns lifetime, only four planes are allowed with the multiplexing method. This is not enough for observation of dense structures such as BU microglomeruli. However, more imaging planes may be achieved by multiplexing techniques based on SLM, thus removing the limitations of the laser repetition rate or fluorescent lifetime. The number of planes is still limited by the total laser power, and only two imaging planes at 10-Hz acquisition speed have been demonstrated in a recent study ([@bib79]). In short, for dense structures such as *Drosophila* BU, full 3D sampling with continuous axial imaging by using the TAG lens should be the most suitable technique among those currently available.

It is well known that TAG lens has been integrated into other fast volumetric systems in various configurations ([@bib15], [@bib18], [@bib19], [@bib17], [@bib35], [@bib48], [@bib59], [@bib82]). In light-sheet microscopy, TAG lenses have been integrated in either the illumination ([@bib15], [@bib82]) or the detection arm ([@bib17]). By adding a TAG lens in the detection arm and combining acousto-optic deflectors in the illumination arm, inertia-free, i.e., all-acoustic-based, light-sheet microscopes have achieved outstanding volume rates up to 200 Hz ([@bib17]). Yet, as mentioned earlier, wide-field detection in light-sheet microscopy makes the techniques more suitable for transparent samples such as *C. elegans* and paramecia. For imaging opaque adult *Drosophila* brains, combining TAG lenses with single-photon confocal or two-photon laser scanning microscopes should be a better choice ([@bib19], [@bib35], [@bib48], [@bib59]). In our work, by integrating TAG lenses into a commercial two-photon laser scanning microscope, and adding a stimulation beam to the microscope, we demonstrated a combination of optical stimulation and TAG-lens-based fast volumetric imaging, i.e., volumetric AOP system, allowing 3D interrogation of neuronal dynamics in opaque and living *Drosophila* brains.

Our voxel throughput is now 10 Mvoxel/s. It is not the highest among current fast 3D imaging techniques. Tens of Mvoxel/s have been demonstrated by combining resonant scanning and multiplexing techniques ([@bib11]; [@bib83]), and tens to hundreds of Mvoxel/s have been achieved with light-sheet microscopy ([@bib74]; [@bib84]; [@bib82]). We have discussed the reasons why we did not adopt these techniques in this work in previous paragraphs.

In principle, the voxel speed of our TAG lens-based system can be enhanced to 80 MHz (equal to the repetition rate of the pulsed laser) ([@bib35]). Nevertheless, there are two reasons that we chose the current voxel speed. First, higher sampling means higher axial digital resolution but not optical resolution. In our current setup, 10 MHz leads to an axial digital resolution of about 1 μm (35 layers in the range of 40 μm extension), which is smaller than the axial optical resolution (2.75 μm, [Figure S1](#mmc1){ref-type="supplementary-material"}F). Therefore, increasing the sampling rate does not enhance image quality. If the axial extension range is beyond 100 μm, it would be necessary to use a higher sampling rate ([@bib28], [@bib29]; [@bib35]). Second, higher sampling rates reduce the signal-to-noise ratio. With an 80-MHz pulsed laser, fluorescent photons generated by eight pulses are integrated together as one voxel in our current system, leading to 10 Mvoxels/s data throughput with a reasonable signal-to-noise ratio.

Previous research has established that the *Drosophila* AVP plays a significant role in relaying spatial visual signals to the central brain for navigation behaviors ([@bib50], [@bib67], [@bib68], [@bib70], [@bib73]). The local topographic connections between the AOTU and BU sub-compartments (i.e., AOTUim, AOTUil, and AOTUl and BUs, BUi, and BUa, in the AVP) have been constructed based on anatomical methods, with one study demonstrating that the AOTUil connected with the BUa ([@bib50]) and another study reporting that the AOTUil is linked to the BUs ([@bib73]). Now with our 3D AOP platform, we can investigate "function"-based connections among these compartments based on calcium activity in a living brain. The functional connections between the BU and AOTUil are presented in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}. [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} reveal that both dorsal and central AOTUil connect with BUs and BUa, but activation of ventral AOTUil only induced detectable transients in BUs. Although BUa and BUi do not display detectable Ca^2+^ signals following the activation of ventral and whole AOTUil, respectively, it should be noted that no Ca^2+^ response does not necessarily mean no connection. Sub-threshold excitatory or inhibitory functional connections may exist, but as long as they do not modulate intracellular calcium concentration, these connections are invisible in our current calcium-detection scheme. To further examine the connection between BU compartments and AOTUil, more studies involving electrophysiology or voltage-sensitive probes will be necessary.

Previous finding also indicates that there are smaller functional units, i.e., sub-regions, in AOTUil ([@bib73]). However, currently no specific Gal4 drivers that target a single sub-region of the AOTUil for functional mapping is available. With precise stimulation of our 3D AOP platform, we can investigate the detailed functional connection pattern of AOTUil sub-regions and BU and link it to the structure-based map. The detailed calcium-dependent connection pattern of AOTUil sub-regions and BUs was distinguished in [Figure 3](#fig3){ref-type="fig"}. In terms of the number of activated microglomeruli, the result suggests that the central and ventral AOTUil activated more BUs microglomeruli than the dorsal AOTUil. We also identified the connection strength based on calcium activity (the ΔF/F level, whose peak is proportionally correlated with the number of action potential firings \[[@bib10]\], indicating the strength of functional connection). The result reveals that following stimulation of the dorsal AOTUil, the ventral BUs showed a stronger connection than lateral BUs; conversely, following the stimulation of the central AOTUil, the lateral BUs showed stronger connection than ventral BUs, showing that the platform is a promising tool to provide detailed topographic coding of functional connectivity in the local AVP.

Previous studies have demonstrated that the topographical encoding of sensory information is a fundamental organization principle of neuronal circuits ([@bib30], [@bib42]). In the past, the topographic analysis of neuronal diagrams of a circuit relied on the efforts of anatomical single-cell analyses ([@bib21], [@bib50], [@bib73]). However, our platform allows for functional, full-volume topographic dissection of neuronal circuits, paving the way toward single-trial, all-optical interrogation in living *Drosophila*.

This platform can also be used to study the functional connectome in other 3D neuronal structures because the axial range of volumetric recording can be tuned by the magnification of objectives and the optical power of TAG lenses ([@bib18]). With fixed TAG lens optical power, lower magnification enables a larger axial recording range. For example, with 1 m^−1^ TAG lens optical power, 20× and 10× magnification of objectives lead to ∼160 and ∼640 μm axial recording range, respectively. Nevertheless, lower magnification typically means a lower numerical aperture (NA) of the objective, resulting in resolution degradation. Recently, objectives with large back apertures were introduced to allow for high NA with low magnification (for example, ZEISS W Plan-Apochromat 20×/1.0 objective). By combining TAG lenses with these objectives, high optical resolution with large recording volume is expected. However, even though the number of optically sectioned layers can be increased with a large axial extension range, the number of sectioned layers would still be limited by the repetition rate of the femtosecond laser and the signal-to-noise ratio of a high-speed data acquisition system.

Finally, although the current acquisition speed was only 2 volumes/s, a higher speed is achievable by changing the driving frequency of the TAG lens and the total scanning pixel number in the xy dimensions. For example, with a 500 kHz driving frequency ([@bib82]) and 128×128 xy scanning pixels, a 31 Hz volume rate would be achieved. Note that, with higher driving frequency, the effective aperture of the TAG lens and signal-to-noise ratio in each z layer are both reduced. Volume acquisition rate can also be elevated to the kHz range using the ribbon-scanning strategy ([@bib29]) and multiplex imaging ([@bib79]).

In summary, we established a 3D AOP platform. Based on the combination of precise stimulation and fast full-volumetric imaging, 3D functional connectivity in *Drosophila* AVP was observed with high spatiotemporal resolution. These findings will aid in the non-invasive identification of 3D brain functional connectomes.

Limitations of the Study {#sec3.1}
------------------------

There are three major limitations of our platform. First, the single-photon stimulation beam lacks optical-sectioning ability and out-of-focus stimulation may occur if opsin is not locally expressed. In such case, two-photon stimulation should be adopted. Second, the speed of shifting stimulation plane is limited in this work since we changed the stimulation plane by moving a lens in the telescope with a traditional translational stage. To achieve a higher shifting speed, an ETL with millisecond shifting speed can be adopted into the system. Third, the throughput in our recording system is ultimately limited by the repetition rate of the two-photon pulsed laser (i.e., 80 MHz). The throughput is also limited by the signal-to-noise ratio of the fluorescence and the detection system. To achieve higher throughput, pulsed laser with higher repetition rate, fluorescence with higher contrast and PMT with higher sensitivity should be adopted.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

The raw data of [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}A as well as the code for 3D functional image analysis using the generalized linear model is available on Mendeley Data. doi: <https://doi.org/10.17632/5t5kb6gc35.1>.

Supplemental Information {#appsec3}
========================

Document S1. Transparent Methods and Figures S1--S3
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